Proton-decaying states in 22 Mg and the nucleosynthesis of 22 Na in novae 
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Populating states in 22 Mg via the (p,t) reaction in inverse kinematics with a 55 MeV/nucleon 
24 Mg beam, we have measured the proton-decay branching ratios of the levels at 5.96 MeV and 
6.05 MeV and obtained an experimental upper limit on the branching ratio of the 5.71 MeV state. 
On the basis of the present and previous measurements, we assign spins and parities to the 5.96 
MeV and 6.05 MeV states. We combine our branching ratios with independent measurements of the 
lifetimes of these states or their 22 Ne analogs to compute the resonance strengths and thereby the 
astrophysical rate of the 21 Na(p, 7) 22 Mg reaction. We perform hydrodynamic calculations of nova 
outbursts with this new rate and analyze its impact on 22 Na yields. 

PACS numbers: 26.30.+k, 25.60.Je, 26.50.+X, 27.20. +n 



I. INTRODUCTION 

The thermonuclear runaway model of classical novae 
P, provides a framework capable of explaining many 
of their features. Astronomical observations increasingly 
constrain current hydrodynamic simulations. One im- 
portant observational test of the models would be the 
detection of 7-rays emitted by nuclei synthesized in a 
nova outburst ;3j. Since classical novae synthesize 22 Na, 
the 1.275 MeV 7-ray emitted by its j3 + daughter 22 Ne 
is a good candidate for such detection efforts. An ob- 
servational campaign conducted with the COMPTEL in- 
strument on NASA's Compton Gamma Ray Observatory 
failed to positively detect any 22 Na 7-rays from galactic 
novae, placing a tight upper limit on their 22 Na produc- 
tion and ejection [4|. Searches will continue with balloon- 
and space-borne 7-ray observatories such as the recently 
launched INTEGRAL of the European Space Agency. 

There are two paths by which 22 Na is syn- 
thesized in novae, 21 Na(/3 + ) 21 Ne(p, 7) 22 Na and 
21 Na(p,7) 22 Mg(/3 + ) 22 Na. At low temperatures, the 
former path dominates, while at high temperatures the 
21 Na(p, 7) 22 Mg rate can compete with the 21 Na f3 + 
decay rate, and the latter path becomes important. 
Knowledge of the 21 Na(p, 7) 22 Mg rate is essential for 
making quantitative predictions about the total 22 Na 
yield in a nova explosion 5j. At low temperatures, this 
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FIG. 1: 22 Mg energy level diagram near the proton threshold. 
Solid lines denote known states, while the dotted line indicates 
the position of a state whose existence is questionable. The 
angular momentum assignments are discussed in Section ITVI 



reaction proceeds dominantly by direct capture, but 
at higher temperatures, resonant contributions from 
excited states in 22 Mg become important. Fig. ^ shows 
a level diagram of 22 Mg near the proton threshold. 
Recently, the first direct measurement of the resonance 
strength of the 5.714 MeV state in 22 Mg that dominates 
the 21 Na(p, 7) 22 Mg reaction rate at nova temperatures 
was carried out at TRIUMF [(J. 

In this paper, we describe a measurement of proton- 
decay branching ratios of states in 22 Mg lying just above 
the proton separation energy. We obtain an upper limit 
on the proton-decay branching ratio of the 5.714 MeV 
state. Combining this upper limit with an independent 
measurement of the lifetime of this state, we calculate an 
upper limit on its resonance strength that is consistent 
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with the measurement of Ref. [6j. We use the results 
of these two measurements to determine the most likely 
value of this resonance strength. Taking into considera- 
tion the experimental information on higher-lying states 
in 22 Mg that may also contribute to the 21 Na(p, 7) 22 Mg > 
rate in novae, we calculate the astrophysical reaction g 
rate and perform hydrodynamic calculations of nova out- ^ 
bursts to study its impact on 22 Na yields. | 

o 
U 

II. EXPERIMENTAL METHOD 



The detailed balance theorem implies that the same 
information can be gained from studying the decay of a 
resonance as can be learned from measuring its forma- 
tion. Therefore we have performed a measurement of the 
proton-decay branching ratios of the states in 22 Mg rel- 
evant to the 21 Na(p, 7) 22 Mg reaction rate in novae. The 
measurement was carried out at the Kernfysisch Ver- 
sneller Instituut (KVT) using a recoil coincidence tech- 
nique |2j through which we have detected both proton- 
and 7-decaying recoils with 100% geometric efficiency in 
the Big-Bite Spectrometer @. A 55 MeV/nucleon 24 Mg 
beam provided by the variable energy, superconducting 
cyclotron AGOR bombarded a 1 mg cm~ 2 (CH 2 )„ tar- 
get to populate states in 22 Mg via the (p, t) reaction in 
inverse kinematics. Both triton ejectiles and 22 Mg re- 
coils entered the magnetic spectrometer, which was po- 
sitioned at 0°. The 22 Mg recoils with excitation energies 
less than 8 MeV deexcited by the emission of 7 rays, re- 
taining their identities as 22 Mg, or by the emission of pro- 
tons, resulting in the formation of 21 Na decay products. 
Proton decays were identified through 21 Na-triton coin- 
cidences, while 7 decays were observed as 22 Mg-triton 
coincidences. 

Heavy recoils and decay products were detected in two 
phoswich detectors , while two vertical drift chambers 
recorded the positions and angles of the triton ejec- 
tiles before they were stopped in a separate array of six 
phoswiches. Particles were identified using energy loss, 
total energy, and time-of-flight information provided by 
the phoswich detectors. The experimental technique and 
apparatus were previously employed in our measurement 
of 19 Ne a-decay branching ratios, and we refer to Ref. 
for a complete description. 

Strong kinematic forward focusing in the bombard- 
ment of a proton target by 1.3 GeV 24 Mg projectiles 
made possible full angular and momentum acceptance 
for recoils and decay products. There are two solutions 
of the reaction kinematics at laboratory angles around 0° , 
one in which tritons are emitted forward in the center- 
of-mass system, and one in which they are emitted back- 
ward. We detected those emitted backward in the center- 
of-mass system, which have laboratory energies around 
19 MeV/nucleon. For triton ejectiles detected at labora- 
tory scattering angles of 4° or less in this measurement, 
the 22 Mg recoils emerged at scattering angles up to 0.3°. 
The impulse delivered to the 21 Na decay product in a 
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FIG. 2: 22 Mg excitation energy spectrum obtained from 
22 Mg-triton coincidences, representing 7 decays of states in 
22 Mg. Known states are labeled by their excitation energies. 



proton decay results in a small angular spread about the 
original 22 Mg trajectory, but the high incident beam en- 
ergy and low decay energies of the states studied limited 
the laboratory scattering angles of the 21 Na decay prod- 
ucts to 0.5°. Simultaneous detection of both ejectile and 
recoil or decay product is possible because the large mo- 
mentum acceptance of the spectrometer can accomodate 
the 12% magnetic rigidity difference between 21 Na decay 
products and triton ejectiles. 



III. EXPERIMENTAL RESULTS 

Excitation energies of the 22 Mg recoils were recon- 
structed from the measured momenta of the triton ejec- 
tiles. The 7-decay spectrum obtained from 22 Mg-triton 
coincidences is shown in Fig. [21 and the proton-decay 
spectrum obtained from 21 Na-triton coincidences is dis- 
played in Fig. |21 States in 22 Mg are labeled by their exci- 
tation energies. Several recent experiments have studied 
the states near the proton threshold [H El El El El , 
and the experimental developments since the last evalu- 
ation |17| are nicely summarized in Ref. [l5j . Comparing 
the excitation energies of the seven states observed in 
this measurement with the literature values |15|. we find 
a root mean square deviation of 6 keV. An excitation 
energy resolution of 90 keV full-width-at-half-maximum 
was obtained. This resolution is insufficient to completely 
separate the 5.96 and 6.05 MeV states, so a fit consisting 
of Gaussians and a constant background was used to de- 
termine the yield to these two states in the 7-decay and 
proton-decay spectra. 

The proton separation energy in 22 Mg is 5.5 MeV [Isj . 
so of the states observed here, only those lying at 5.71, 
5.96, and 6.05 MeV can decay by proton emission. While 
proton decay is the dominant deexcitation mechanism for 
the two states around 6 MeV, Fig. [3] reveals no statisti- 
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FIG 



3: 22 Mg excitation energy spectrum obtained from ^Na- 



triton coincidences, representing proton decays of states in 
22 Mg. The proton-decay threshold lies at 5.5 MeV. 



TABLE I: Proton-decay branching ratios B p , decay widths, 
and resonance strengths of states in 22 Mg. Unless other- 
wise noted, upper limits and uncertainties are specified at 
the 95.5% confidence level. 
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a Ref. IH 

b Value from 22 Ne analog state |2i| 

c See the text for a discussion of thi s tentative assignment. 
d Value from 22 Ne analog state |22| . Uncertainties in the width 
and resonance strength are la. 



cally significant evidence for proton decays of the 5.714 
MeV state. Hence we set an upper limit on the proton 
decay yield from this state using Bayesian statistics with 
a uniform prior probability density function |l9j |. As the 
thresholds for the emission of neutrons and a particles 
lie at higher excitation energies, only proton and 7 decay 
are possible for these states. Therefore, the proton-decay 
branching ratio is given by B p = r p /r = r p /(r p + F 7 ). 
The proton-decay branching ratios deduced from this 
measurement are given in Table [I] 



IV. RESONANCE STRENGTHS 

Of the three proton-decaying states observed here, 7- 
decays of only the 5.714 MeV state have been studied 
previously. Its mean lifetime has been measured to be 
40 ± 15 fs 20]. The corresponding total decay width is 
given m Tabled In the case of the other two states, no 
experimental information on the radiative or total decay 
widths is known. For the purpose of estimating their 
resonance strengths we have assumed that they have the 



same radiative widths as their analog states in 22 Ne |2l], 

E3 

Definitive angular momentum and parity assignments 
for the two higher-lying states have proven somewhat dif- 
ficult to make. In fact, the existence of two distinct states 
around 6 MeV only became clear as a result of the (p, t) 
measurement of Ref. [l2T |. in which both were observed 
simultaneously. The latest compilation .17] includes only 
a single level at 5965(25) keV. The angular momentum 
and parity of this state were assigned as + on the basis of 
angular distribution measurements using the ( 3 He,n) re- 
action |23Ll24| . In an early (p, t) measurement at 42 MeV 
[25|], a peak was seen at 6.061(37) MeV that was assumed 
to be the same + state observed in the ( 3 He,n) study 
at 5.945(20) MeV. Its angular distribution was compared 
with DWBA calculations and found to be consistent with 
a + assignment. 

In the recent (p, t) measurements at 38 MeV 0] an d 
35 MeV [3, the 6.046 MeV state was found to be popu- 
lated about ten times more strongly than the 5.962 MeV 
state. Those measurements covered center-of-mass an- 
gles larger than about 10°. On the basis of angular dis- 
tribution measurements and comparison with the analog 
22 Ne nucleus, the authors of Ref. [l4j assert that the 6.046 
MeV state is + and tentatively assign 1~ to the 5.962 
MeV level. However, their calculated L = and L = 1 
angular distributions appear to describe both transitions 
equally well. Most importantly, the angular distributions 
of Refs. [Til |25| do not cover the small angles at which 
L = transitions are most readily identified. In con- 
trast, the present (p, t) data taken at 0° indicate that 
the 5.962 MeV state is approximately four times more 
strongly populated than the 6.046 MeV level at forward 
angles. On the basis of its strong peaking at 0° and the 
( 3 He,n) data, we conclude contrary to Ref. 0] that the 
spin and parity of the 5.962 MeV state is + . This con- 
clusion is corroborated by DWBA calculations we carried 
out that consistently describe the beam-energy depen- 
dence of the relative intensities and angular distributions 
of the 5.962 MeV and 6.046 MeV states with L = and 
L = 1 transitions respectively. While we regard the + 
assignment as definitive, the 1" assignment for the 6.046 
MeV level must remain tentative. 

Given the angular momentum J, proton width r p , ra- 
diative width r 7 , and total width T of a resonance, its 
strength is given by 
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We use this expression to compute the resonance strength 
of the 5.962 MeV level, and, using a 2cr upper limit on V 
of 65.8 meV, to calculate a 95.5% confidence level upper 
limit on the resonance strength of the 5.714 MeV level. 
These values are shown in Table [I] Our upper limit is 
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consistent with the measurement of Ref. 0, 1.03 ± 0.16 
(stat.) ± 0.14 (sys.) meV. Adding the systematic and 
statistical uncertainties of this measurement in quadra- 
ture, we combine it with the present result and find a 
joint 95.5% confidence level interval of 0.60-0.80 meV. 

We now address the issue of the resonance energies. 
Although the excitation energies of the levels with respect 
to the ground state of 22 Mg are well determined, the 
proton separation energy is less well defined. A recent 
direct measurement of the 5.714 MeV state with a 21 Na 
beam at TRIUMF 6| found the energy of this resonance 
to be 205.7(5) keV, rather than 212 keV, which is the 
difference between the measured excitation energy of this 
level [2(j and the proton separation energy given in Ref. 
[TsT ]. This implies that the mass excess of 22 Mg is some 
6 keV smaller than the published value 18] . Such an 
interpretation is consistent with a recent reanalysis of 
one of the experiments used to deduce the 22 Mg mass 
excess 26]. Hence we adjust the separation energy and 
take the resonance energies to be 206 keV and 454 keV 
for the 5.714 MeV and 5.962 MeV levels, respectively. 

The most recent compilation of levels in 22 Mg ^7| lists 
a state at 5.837 MeV. This level was identified on the 
basis of a single ( 3 He,n7) measurement [27j, but has not 
been seen in any other experiment, including an indepen- 
dent ( 3 He, tit) measurement |20|. two ( 3 He,n) measure- 
ments H2,|3> three (p,t) measurements 0,0>H3) an 
( 16 Q, 6 He) measurement 13], an ( 3 He, 6 He) measurement 
|15| . an ( 4 He, 6 He) measurement [l6|, and the present 
(p, t) measurement. Although the observation of peaks 
in triple coincidence spectra such as those shown in Ref. 
[27j is usually taken as sufficient evidence for transitions, 
the presence of contaminant lines in these spectra implies 
that the 7-ray transitions attributed to a 5.837 MeV level 
may be due to target impurities. In our view, the weight 
of the available experimental evidence is insufficient to 
support the existence of a level at 5.837 MeV in 22 Mg. 



V. ASTROPHYSICAL REACTION RATE 

We have calculated the thermally averaged 
21 Na(p, 7) 22 Mg reaction rate per particle pair as a 
function of temperature, including direct capture and 
the resonant contributions of the states at 5.714 and 
5.962 MeV. Fig. 0] shows the individual contributions 
of the two most important resonances and the sum of 
the resonant and direct capture rates. A resonance 
strength of 0.8 meV is used for the 5.714 MeV state, 
as this is the most likely value within the joint 95.5% 
confidence level interval of the TRIUMF |(| and present 
measurements. It can be seen that the 5.96 MeV level 
does not contribute significantly to the reaction rate 
at temperatures characteristic of novae. Only direct 
capture and the resonant contribution of the 5.71 MeV 
state are important in this regime. 

The direct capture contribution was calculated using 
the low-energy S factor given in Ref. which has a 




Temperature (GK) 

FIG. 4: Product of the Avogadro constant Na and the ther- 
mally averaged rate of the 21 Na(p, 7) 22 Mg reaction per par- 
ticle pair. Contributions from the two most important res- 
onances are shown, along with the sum of the resonant and 
direct capture rates. 

value of 7.9 keV b at zero energy. This S factor is roughly 
40% larger than that calculated in Ref. |2l|. An appar- 
ent discrepancy between the direct capture contributions 
calculated using these two S factors, shown in Table XI of 
Ref. |12| , is due to an erroneous parametrization of the 
direct capture contribution taken from Ref. Hj| rather 
than to the difference between the calculated S factors. 
Direct capture only contributes significantly to the reac- 
tion rate below 0.07 GK. 

In Ref. [||, the total 21 Na(p, 7) 22 Mg reaction rate is 
calculated using the same analytic fit given in Ref. |]|, 
but taking the coefficients for the term due to the 5.714 
MeV state from the direct measurement of the strength 
of this resonance. The reaction rate calculated here dif- 
fers from that used in Ref. |(j in several respects. First, 
the direct capture contribution here is several orders of 
magnitude larger at the lowest temperatures due to the 
parametrization error mentioned above. Second, the con- 
tribution of the putative 5.837 MeV state included in the 
previous rate is excluded here due to our doubts over the 
existence of this state. Third, the contribution of the 
5.962 MeV state is about ten times smaller here than in 
the previous rate, for which the resonance strength was 
assumed to be 2.5 meV. Finally, the resonance strength 
of the 5.714 MeV state adopted here is about 20% smaller 
than that measured in Ref. :6j. The overall effect of all 
of these changes is to reduce the total reaction rate to 
approximately 70% of the rate employed in Ref. in 
the temperature range from 0.1-0.33 GK important for 
22 Na synthesis in novae. 

VI. SYNTHESIS OF 22 NA IN CLASSICAL 
NOVAE 

The high peak temperatures attained in Oxygen-Neon 
(ONe) nova outbursts of~2-3.5xl0 8 K allow for 
nuclear activity in the NeNa and MgAl cycles, result- 
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ing in significant production of astrophysically interest- 
ing species such as 22 Na and 26 Al. Here we describe the 
main path leading to 22 Na synthesis in novae. In or- 
der to check the influence of our new 21 Na(p, 7) rate, we 
have performed two different hydrodynamic calculations 
of nova outbursts on 1.25 and 1.35 M ONe white dwarfs 
accreting solar-like matter at a rate M = 2 x 1CP 10 M 
yr _1 . Our models assume 50% mixing between the solar- 
like accreted envelope and the outermost shells of the 
ONe core Q • The nuclear reaction network includes the 
new 21 Na(p, 7) rate discussed in this paper. Snapshots 
of the abundance evolution of several isotopes relevant 
to 22 Na synthesis during a nova outburst on a 1.35 M 
white dwarf, 21 - 22 Ne, 21 > 22 > 23 Na and 22 < 23 Mg, are shown 
in Fig. [3 Reaction and decay rates per unit volume from 
the same simulation are shown in Fig. El for a number of 
relevant nuclear reactions and f3 decays, e.g., 20 Ne(p, 7), 
21 Ne(p, 7 ), 21 Na(p, 7 ), 21 Na(/?+), 22 Na(p, 7 ) 22 Na(/3+), 
and 22 Mg(/3+). 

During the early stages of the outburst at the 
onset of accretion, the evolution of 22 Na is domi- 
nated by the cold NeNa cycle, which proceeds via 
20 Ne(p,7) 21 Na(/3+) 21 Ne(p,7) 22 Na. As soon as a criti- 
cal mass accumulates on the white dwarf, a thermonu- 
clear runaway ensues, leading to a sudden temperature 
rise. When the temperature at the burning shell reaches 
T bs = 0.07 GK, the main nuclear reaction of the NeNa 
cycle is 21 Ne(p, 7) 22 Na, which essentially decreases the 
abundance of 21 Ne. This reduction becomes increasingly 
important as the temperature rises, as can be seen in 
panel 1 of Fig. O which corresponds to a temperature of 
T bs = 0.07 GK. At this stage there is not enough 21 Ne to 
feed the main chain of reactions leading to 22 Na synthesis 
through 21 Ne(p, 7). Therefore, because of efficient proton 
captures in the inner part of the envelope, the abundance 
of 22 Na decreases with the rise of temperature towards 
the peak value (c.f. Fig. [3 panels 2, 3, & 4). 

At T bs = 0.15 GK (Fig. 03 panel 3), the mass frac- 
tion of 21 Ne has decreased below 10~ 6 , except in the 
outer envelope where some 21 Ne is produced via (3 + de- 
cay of 21 Na. Moreover, 21 Na and 22,23 Mg increase due 
to 20 Ne(p,7) 21 Na and 21 ^ 22 Na(p, 7) 22 ' 23 Mg, respectively. 
As shown in panel 3 of Fig. 6, 21 Na(p, 7) becomes faster 
than 21 Na(/3 + ) near the burning shell at this stage, which 
marks the onset of the hot NeNa cycle. Destruction 
of 22 Na through (p, 7) is already noticeable in panel 3, 
but due to convection, 22 Na shows a nearly flat profile 
throughout the envelope. It is also noteworthy that at 
this time 22 Na(p, 7) becomes the most important reac- 
tion in the NeNa region (Fig. El panel 3). 

When T bs = 0.25 GK (Fig. panel 4), there is 
a dramatic decline in several isotopes, including 23 Na 
due to (p, 7) and (p, a) reactions, and 22 Na due to 
22 Na(p, 7) 23 Mg . The abundance of 21 Na is only slightly 
larger than it was at 0.15 GK (panel 3) because of a quasi- 
equilibrium between 21 Na(p, 7) 22 Mg and 20 Ne(p, 7) 21 Na 
near the envelope's base (Fig. [13 panel 4). Mass fractions 
of 22 > 23 Mg increase due to proton captures on 21 ' 22 Na 



respectively. 

Seven seconds later, the temperature in the burning 
shell attains its peak value of 0.327 GK (Fig. [SJ panel 5). 
The mean amount of 22 Na increases due to a contribution 
from 22 Mg(/3 + ) previously transported by convection to 
the outer, cooler layers of the envelope. In fact, both 
22 ' 23 Mg attain maximal abundance at this stage as a re- 
sult of proton captures on 21 ' 22 Na, with 22 Mg being the 
most abundant isotope of this mass region. Some increase 
in the 21 Na abundance results from the fact that whereas 
in the inner part of the envelope 21 Na(p, 7) 22 Mg and 
20 Ne(p, 7) 21 Na are still in quasi-equilibrium, the outer 
envelope is clearly dominated by 20 Ne(p, 7); 21 Na nu- 
clei are rapidly transported inwards by means of con- 
vective motions. The amount of 23 Na decreases due 
to both (p, 7) and (p, a) reactions, which dominate 
22 Ne(p,7) 23 Na as well as 23 Mg(/3+) 23 Na . Meanwhile, 
22 Ne is efficiently destroyed by 22 Ne(p, 7) 23 Na . 

Shortly after the peak temperature is reached, the en- 
velope begins to expand due to the sudden release of en- 
ergy from the short-lived f3 + emitters 13 N, 14,15 0, and 
17 F. The role played by (p, 7) and (p, a) reactions is 
therefore reduced following the drop in temperature, and 
(3 + decays progressively dominate the evolution (Fig. \G\ 
panels 6 & 7). The abundances of 21 Na and 22 - 23 Mg 
decrease as a result of these /3 + decays, which in turn 
increase the amount of 21 Ne and 22 ' 23 Na (Fig. |3J panels 
6 & 7). 

At the final stages of the outburst (Figs. 5 & 6, panel 
8), as the envelope expands and cools, most of the re- 
maining nuclear activity in the NeNa cycle is due to /3 + 
decays, in particular 22 Na(/3 + ), since other short-lived 
species such as 21 Na and 22,23 Mg have already decayed. 
The resulting mean mass fraction of 22 Na in the ejected 
shells in this 1.35 M Q white dwarf model is X( 22 Na ) = 
1.1 xl0~ 3 , which corresponds to 4.7xl0" 9 M Q of 22 Na 
ejected into the interstellar medium. Other species of 
the NeNa cycle present in the ejecta are 20 Ne with X = 
0.14, scarcely modified with respect to the initial value of 
0.16 because of the moderate peak temperature achieved, 
21 < 22 Ne with X = 6.2xl0~ 5 and 1.8xl0~ 4 respectively, 
and 23 Na with X = 5.6xl0~ 3 . 

The present 1.35 M ONe white dwarf simulation 
yields an ejected 22 Na mass fraction very similar to the 
previous estimate of 1 x 10 -3 reflecting a combination 
of two different effects: an increase of the 21 Na(p, 7) rate 
associated with the new determination of the resonance 
strength of the 5.714 MeV level that tends to reduce the 
final 22 Na yield, and the elimination of the 5.837 MeV 
level that reduces the rate, thereby increasing the final 
22 Na abundance. The peak temperatures reached in the 
1.35 M Q ONe white dwarf outburst would imply a greater 
role for the putative 5.837 MeV level in the overall rate 
compared to the 1.25 M simulation, which reaches a 
lower peak temperature of 0.25 GK. A mean 22 Na mass 
fraction of 2.8 x 10 -4 , averaged within the ejected enve- 
lope shells, is obtained for the 1.25 M ONe white dwarf 
nova simulation. This is to be compared with the value 
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FIG. 5: (Color online) Mass fractions of various isotopes in logarithmic scale along the accreted envelope for a 1.35 solar mass 
ONe nova accreting at a rate M = 2 x 10~ 10 Mq yr -1 . The mass coordinate represents the mass below the surface (M r ) 
relative to the total white dwarf mass (M. w a). Thus the left side of each panel corresponds to the base of the accreted envelope, 
and the right side its outer surface. From top to bottom and then left to right, the first five panels show a time series from 
the early stages of the explosion up to the ejection stage, with a temperature in the burning shell equal to: 0.07, 0.09, 0.15, 
0.25, and T pea k = 0.327 GK. The last three panels correspond to the final phases of the explosion, when the white dwarf 
envelope has expanded to a size of R wd ~ 10 9 ,10 10 , and 10 12 cm, respectively. All of the material lying at a mass coordinate 
M r /M w d — 1 > —3.05 x 10~ 6 is ejected by the explosion. 
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FIG. 6: (Color online) Same as the previous figure, but plotting reaction and decay rates per unit volume (cm 



of 3.5 x 10~ 4 obtained in Ref. |5j. The small reduction 
in the final mass fraction is due to the larger resonance 
strength adopted for the 5.714 MeV level here. Our re- 
sults for the 1.25 M Q model are indistinguishable from 
those obtained with the recent 21 Na(p, 7) rate based on 
the first direct measurement of the resonance strength of 
the 5.714 MeV level Q, illustrating the modest effect a 
level at 5.837 MeV would have on the overall rate in such 
explosions. 



VII. SUMMARY 

We have carried out a measurement of the proton- 
decay branching ratios of near-threshold states in 22 Mg. 
Populating the states via the (p, t) reaction in inverse 
kinematics with a 55 MeV/nucleon 24 Mg beam, we have 
detected tritons in coincidence with Mg recoils and 
21 Na decay products with 100% geometric efficiency. On 
the basis of the present and previous measurements, we 
assign spins and parities to the 5.96 MeV and 6.05 MeV 
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levels. We combine our branching ratios with indepen- 
dent measurements of the lifetimes of the states and com- 
pute their resonance strengths. Calculating the astro- 
physical rate of the 21 Na(p, 7) 22 Mg reaction based on all 
available experimental information, we have performed 
hydrodynamic calculations of nova outbursts and ana- 
lyzed the impact of this new rate on 22 Na yields. Com- 
parison with a previous calculation [f| reveals that this 
new rate changes the predicted amount of ejected 22 Na 
only slightly. 
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